Group A rotaviruses, members of the family Reoviridae, are a major cause of infantile acute gastroenteritis. The rotavirus genome consists of 11 dsRNA segments. In some cases, an RNA segment is replaced by a rearranged RNA segment, which is derived from its standard counterpart by partial sequence duplication. It has been shown that some rearranged segments are preferentially encapsidated into viral progenies after serial passages in cell culture. Based on this characteristic, a reverse genetics system was used previously to introduce exogenous segment 7 rearrangements into an infectious rotavirus. This study extends this reverse genetics system to RNA segments 5 and 11. Transfection of exogenous rotavirus rearranged RNA segment 5 or 11 into cells infected with a WT helper rotavirus (bovine strain RF) resulted in subsequent gene rearrangements in the viral progeny. Whilst recombinant viruses were rescued with an exogenous rearranged segment 11, the exogenous segment was modified by a secondary rearrangement. The occurrence of spontaneous rearrangements of WT or exogenous segments is a major hindrance to the use of this reverse genetics approach.
INTRODUCTION
Group A rotaviruses, members of the family Reoviridae, are a major cause of infantile viral gastroenteritis and are responsible for approximately 450 000 deaths each year (Estes & Kapikian, 2007; Tate et al., 2012) . Rotavirus genomes consist of 11 dsRNA segments, encoding six structural and six non-structural proteins (Estes & Kapikian, 2007) . The 11 dsRNA segments can be separated by PAGE into a specific RNA profile called an electropherotype.
Development of a reverse genetics system is essential for advances in understanding the rotavirus replication cycle and its molecular pathogenesis. Attempts to develop a complete reverse genetics system for rotavirus to allow recovery of infectious recombinant viruses following transfection of the 11 positive RNA or cDNA segments have been unsuccessful (Richards et al., 2013) . Currently, only helper virus-dependent and gene-specific reverse genetics systems have been developed (Komoto et al., 2006 (Komoto et al., , 2008 Navarro et al., 2013; Trask et al., 2010; Troupin et al., 2010) .
The first reported reverse genetics system was based on the use of the human rotavirus KU as the helper virus and of segment 4 (encoding VP4) of simian rotavirus SA11 as the exogenous segment. The recombinant viruses containing the simian VP4 gene were recovered from cell culture using neutralizing antibodies targeting VP4 of the human virus to eliminate WT helper viruses (Komoto et al., 2006) . As neutralizing antibodies are needed to select recombinant viruses, this system is restricted to exogenous segments encoding surface antigenic proteins.
Another promising reverse genetics system was developed in 2010, in which two independent strategies were used to eliminate helper viruses and to recover recombinant viruses. In this system, simian rotavirus SA11 with a temperature-sensitive (ts) mutation in gene 8, encoding the NSP2 protein, was used as the helper virus, with WT gene 8 as the exogenous gene. Viruses were then propagated in cell culture at non-permissive temperatures, in conjunction with RNA interference-mediated degradation of ts NSP2 mRNA. Only recombinant viruses having incorporated WT exogenous gene 8 were recovered under this double selection pressure (Trask et al., 2010) . The reverse genetics system described by Troupin et al. (2010) is based on the use of an exogenous rearranged RNA segment that replaces the homologous WT segment of the helper rotavirus. Gene rearrangement is a well-known phenomenon among rotaviruses (reviewed by Desselberger, 1996; Matthijnssens et al., 2006) . For some rotavirus strains, rearranged segments can replace standard-sized segments. Rotaviruses with a rearranged genome have been isolated from chronically infected immunocompromised youths (Bellinzoni et al., 1987; Hundley et al., 1987) and can be generated in cell culture by serial passages of rotavirus at high m.o.i. (Alam et al., 2008; Hundley et al., 1985; Kojima et al., 2000; Méndez et al., 1992; Patton et al., 2001) . In most cases, the rearrangement results from a partial head-to-tail duplication of the dsRNA segment: the sequence includes an unmodified 59 untranslated region (UTR) and ORF followed by a duplication of the 59 region, initiated at various positions after the stop codon and extending to the 39 end, resulting in a long 39 UTR (Desselberger, 1996) .
In a previous study, rearranged segments 7 and 11 were found to be preferentially encapsidated into viral progeny after serial passages in cell culture (Troupin et al., 2011) . Considering these results, the reverse genetics system developed by Troupin et al. (2010) exploits the ability of rearranged segments to be maintained and amplified in the viral progeny without the need for any selective pressure other than selection inherent to cell culture. This system allowed the recovery of recombinant helper bovine rotaviruses having incorporated different forms of exogenous rearranged segment 7 (Troupin et al., 2010) .
As the development of a complete reverse genetics system for rotavirus remains unsuccessful, we decided to extend the reverse genetics system based on rearranged segments to RNA segments 5 and 11. These segments were chosen, as rearrangements of these two segments have been reported to occur frequently (Cao et al., 2008; Kojima et al., 2000; Patton et al., 2001; Schnepf et al., 2008) and because rearranged segment 11 has already been shown to be preferentially encapsidated into viral progeny (Troupin et al., 2011) .
Unexpectedly, the results showed that transfection of exogenous rotavirus rearranged RNA segment 5 or 11 into cells infected with a WT helper rotavirus resulted in subsequent gene rearrangements in the viral progeny.
Moreover, when an exogenous rearranged segment 11 was used, viruses with a secondary rearrangement of the exogenous RNA were recovered after passaging in MA-104 cell cultures.
RESULTS AND DISCUSSION
Our aim was to extend the reverse genetics system successfully used for rearranged segment 7 (Troupin et al., 2010) to rearranged segments 5 (5R) and 11 (11R). Based on the hypothesis that rearranged segments are preferentially packaged into viruses, we expected that the use of segments 5R and 11R might promote the rescue of recombinant viruses with no selection pressure other than serial passage in culture. Plasmid constructs containing the rearranged sequences were used in reverse genetics experiments to provide exogenous segments. Point mutations were introduced into the cDNA sequences in order to distinguish between original and exogenous sequences. The helper virus was the bovine rotavirus RF, which contains WT nonrearranged segments. Empty pRiboz plasmid with no insert served as a control. All experiments were performed in duplicate. Reverse transcription (RT)-PCR and PAGE were used to detect potential recombinant viruses in the viral progeny produced over MA-104 serial passages of the RF helper virus.
Reverse genetics assays using 5R segments Different constructions of 5R segments derived from the bovine rotavirus RF, which encodes a WT NSP1, were used in the reverse genetics experiments. Five different types of rearrangement were obtained from the cDNA of the original segment 5 cloned into the pRiboz plasmid (Fig. 1) . Two rearrangements corresponded to the 5R segments of two infectious rotavirus RF clones C1.17 and C2.22. The three remaining rearranged segments contained various sizes of duplicated sequences, from full-length sequence duplication to a 600 bp duplication. In order to follow the exogenous rearranged segment, specific restriction sites were introduced into the 5R segments by site-directed mutagenesis. Due to sequence duplication in the rearranged segments, two identical mutations were obtained, one in the coding region and the other in the corresponding duplicated noncoding region. MscI restriction sites were generated by a TAC mutation at the nucleotide positions indicated in Fig. 1 . To obtain viruses defective for NSP1, a construct (DNSP1) was generated for each 5R segment by deleting the first nucleotide of the ATG initiation codon (nt 33) of the NSP1 ORF. This mutation also suppressed the NcoI restriction site.
These constructs were then used in a reverse genetics assay to provide exogenous 5R segments. RNA profiles of the viruses obtained after reverse genetics experiments were visualized by PAGE every three passages in MA-104 cell culture (Fig. 2) . Regardless of the 5R-containing plasmids used, the WT helper virus segment 5 was still visible at its usual position in the viral progeny and additional bands were present of different sizes (Fig. 2) . In some cases, the additional band migrated at the same position as the exogenous 5R segment. In contrast, no additional bands were observed in the viral progeny generated from transfection of the control pRiboz plasmid and passaged under the same conditions in MA-104 cell culture.
Interestingly, rearranged forms of segment 5 were detected by RT-PCR in all the viral progeny generated from the transfection of 5R-containing plasmids, except for the pRiboz5R-C2.22 and 5R-C2.22-ΔNSP1 pRiboz5R-C1.17 and 5R-C1.17-ΔNSP1 pRiboz5R-900 and 5R-900-ΔNSP1 pRiboz5R-310 and 5R-310-ΔNSP1 Secondary rearrangements of rotavirus RNA segments control plasmid. Sequence analysis confirmed the presence of rearranged forms of segment 5, but their sequences did not match the exogenous rearranged sequences used in the reverse genetics assay. In particular, the MscI restriction site tagging the exogenous 5R sequences was never detected in the RNA sequence of the viral progeny. These results strongly suggested that, after transfection of a plasmid containing a 5R sequence, the WT segment 5 of the helper virus RF underwent spontaneous rearrangement during serial passages in MA-104 cell culture. Whether WT helper virus segment 5 spontaneous rearrangements were induced by the presence of the transfected, exogenous and rearranged segment remains to be established. However, it can be hypothesized that 5R segments generated from the WT helper virus might outcompete exogenous 5R segments, impeding their recovery in recombinant viruses.
Reverse genetics assays using the 11R segment
Attempts to broaden the reverse genetics system were then performed using the 11R segment derived from the previously described human rotavirus M4, which encodes WT NSP5 and NSP6 (Gault et al., 2001) .
Two different constructs were generated by site-directed mutagenesis from the cDNA of the original segment 11R inserted into the pRiboz plasmid (Fig. 3 ). In the pRiboz11R-AatII plasmid, segment 11R was mutated at nt 96 and 669 (AAG), generating two AatII restriction sites. In the pRiboz11R-DNSP6 plasmid, nt 101 and 674 were mutated (CAT), creating two HpaI restriction sites. The CAT mutation at nt 101 resulted in a silent mutation in the NSP5-coding sequence but generated an early stop codon in the NPS6-coding sequence. As a result, the putative NSP6 protein was reduced from 92 to 7 aa, generating a recombinant rotavirus defective for NSP6.
These constructs were used in reverse genetics experiments to provide exogenous segments 11R-AatII or 11R-DNSP6 to the helper rotavirus strain RF. Reverse genetics experiments using either pRiboz11R-AatII or pRiboz11R-DNSP6 plasmids resulted in RT-PCR detection of segment 11R in the viral progeny produced in MA-104 cells at passage 6 (Fig.  4a) . RT-PCR signals were specific to 11R-AatII and 11R-DNSP6 RNAs and not to residual plasmid DNA, as no amplification was observed when the reverse transcriptase was omitted in the reaction (Fig. 4a, lanes RT2 ). For each duplicate, the RT-PCR products had the same size as those obtained from the rearranged segment 11 of virus M4 (386 bp) (Fig. 4a , lanes RT+). For the viral progeny generated from transfection of the control pRiboz plasmid, RT-PCR was negative, indicating the absence of rearranged sequence. RT-PCR products obtained from 11R-AatII and 11R-DNSP6 RNAs were digested by AatII and HpaI, respectively (Fig. 4b) , indicating that the rearranged 11R RNA detected in the viral progeny was derived from the exogenous sequence. Moreover, the RT-PCR products contained the changes introduced by site-directed mutagenesis in the 11R-AatII and 11R-DNSP6 segments (Fig. S1 available in the online Supplementary Material). During further passages (7-17), detection of RT-PCR products harbouring identical characteristics was maintained in the viral progeny of 11R-AatII and 11R-DNSP6 duplicates (data not shown).
RNA profiles of viruses obtained after reverse genetics experiments were visualized by PAGE every three passages (Fig. 5) . After transfection of the control pRiboz plasmid, the viral RNA profile from passages 3 to 16 matched the WT RF virus profile. Surprisingly, although segment 11R was clearly detected by RT-PCR, no clear changes were observed on the RNA profiles of the 11R-AatII and 11R-DNSP6 viral progeny. The WT segment 11 was still visible at its usual position and only faint and hazy additional bands were present at different positions. Taken together, these results indicated that any recombinant viruses were kept to a minority among the viral populations obtained at passage 16. In order to isolate potential recombinant viruses, viral progeny were cloned by two plaque-to-plaque purifications and clones were further analysed by RT-PCR. For 11R-DNSP6 progeny, 20 % of clones had a positive RT-PCR signal after the first cloning step. However, for all these clones, the RT-PCR signal was lost after the second cloning step, indicating that no viral clones contained the exogenous rearranged 11R-DNSP6 segment. As viruses with the segment 11R-DNSP6 have defective NSP6 protein, these results suggested that such viruses are unable to replicate without the help of WT virus, hampering the purification of recombinant clones. It is still unclear whether NSP6 is required for in vitro rotavirus replication, although some gene 11 forms lacking the initiation codon for NSP6 ORF have been described in field isolates of rotavirus (González & Burrone, 1989; Gorziglia et al., 1989; Kojima et al., 1996 ; Torres-Vega et al., 2000).
For 11R-AatII progeny, 30 % of clones were positive in RT-PCR assays after the first cloning step. For one clone, 100 % of the subclones tested after the second cloning step were positive by RT-PCR. All the PCR products were cleaved after AatII digestion, indicating that the exogenous rearranged segment 11R-AatII was maintained in the clonal viral population (Fig. S2 ). When these clones (named Cl 11R-2) were analysed by PAGE, the WT segment 11 was missing and was replaced by a segment approximately 1200 bp larger (Fig. 6a) . This 1800 bp RNA segment, named 11R-2, was purified after electrophoresis on an agarose gel and further characterized.
The 386 bp RT-PCR product obtained from the purified 11R-2 dsRNA segment was the same size as those obtained from the 11R-AatII segment, and contained the AatII restriction site (Fig. 6b, c) . Moreover, sequence analysis of the 386 bp RT-PCR product indicated that the 11R-2 sequence was identical to the 11R-AatII sequence and distinct from the sequence of WT bovine segment 11. These observations showed that the 11R-2 segment was derived from the exogenous segment 11R-AatII and not from spontaneous rearrangement of WT segment 11.
In order to obtain the complete sequence of the 11R-2 segment, a full-length amplification strategy was used, but this always resulted in PCR products smaller than the expected size (data not shown). This could be due to an intermolecular base pairing between the duplicated sequences of the rearranged gene, leading to mispriming Secondary rearrangements of rotavirus RNA segments and incorrect elongation during the RT-PCR, as described for other rearranged genes (Ballard et al., 1992; Gault et al., 2001) . Further attempts were made to amplify the 11R-2 segment using several sets of primer pairs derived from the sequence of the 11R segment. As the sets of primer pairs theoretically covered the complete sequence of 11R-2 segment, it was expected that some PCR products generated from the 11R-2 template (approx. 1800 bp) should differ in size and/or sequence from those obtained from the 11R segment (1237 bp). Unexpectedly, when the 11R-2 or the 11R templates were amplified with the same combination of primers, the resulting PCR products were identical in size and sequence, irrespective of primer pairs tested. This strongly suggested that the 11R-2 segment was derived from the exogenous 11R segment by a duplication of the 11R rearrangement, leading to a sequence triplication (Fig. 7) . If the 11R-2 segment had contained other sequences and/or different rearrangements, at least some of the PCR products obtained from 11R-2 and 11R templates must have been different in size or sequence. Additionally, the viral clone 11R-2 was genetically stable after two passages in MA-104 cell culture and grew to titres similar to virus RF. Plaques obtained with 11R-2 and RF viruses were not significantly different in size. The NSP5 protein expressed by the 11R-2 virus was similar in size to the WT NSP5 protein, as judged by Western blot experiments, indicating that the NSP5 ORF of segment 11R-2 was unchanged (Fig. S3 ).
Taken together, these results showed that the reverse genetics assay permitted the recovery of recombinant viruses that had incorporated an exogenous RNA segment. However, the exogenous rearranged segment had been further rearranged. Whether this secondary rearrangement occurred at an early or late step of the reverse genetics system during high-m.o.i. passages remains to be established but is clearly a limitation of the system.
To conclude, the absence of a complete reverse genetics system restrains advances in our understanding of the rotavirus replication cycle and its molecular pathogenesis. Recently, it has been shown that transfection of the 11 rotavirus segments (as cDNA or ssRNA transcripts) is not sufficient for rescuing infectious virus (Richards et al., 2013) , contrary to what is reported for orthoreoviruses (Kobayashi et al., 2007 (Kobayashi et al., , 2010 and orbiviruses (Boyce et al., 2008; Matsuo & Roy, 2009 ). Reverse genetics systems for rotavirus are currently established and applicable only for gene 4 (Komoto et al., 2006 (Komoto et al., , 2008 , gene 8 (Navarro et al., 2013; Trask et al., 2010) and gene 7 (Troupin et al., 2010) . The aim of this study was to expand the reverse genetics system established for gene 7 to two other genes; genes 5 and 11. This system was based on the property of rearranged segments to be preferentially encapsidated (Troupin et al., 2011) .
Unexpectedly, when using segments 5R or 11R as exogenous segments, the reverse genetics assays led to the generation of spontaneous rearrangements, either of WT segments of the helper virus or of the exogenous segment itself. Nevertheless, exogenous sequences were found in the viral progeny obtained with segment 11R-AatII cDNA. However, the original 11R-AatII segment was further rearranged during the MA-104 cell passage. These observations suggested that segments 5R and 11R in the reverse genetics system might disturb either the viral RNA transcription or replication process during passages in cell culture, which is not the case for segment 7R (used as a control). The ability of segments 5 and 11 to rearrange is reported frequently in the literature, with several forms of different rearrangements (Bányai et al., 2009; Bellinzoni et al., 1987; Cao et al., 2008; Gault et al., 2001; Giambiagi et al., 1994; González & Burrone, 1989; Gorziglia et al., 1989; Hundley et al., 1985; Kojima et al., 1996 Kojima et al., , 2000 Matsui et al., 1990; Matthijnssens et al., 2006; Mattion et al., 1988 Mattion et al., , 1990 Méndez et al., 1992; Nakagomi et al., 1999; Oishi et al., 1991; Palombo et al., 1998; Patton et al., 2001; Paul et al., 1988; Schnepf et al., 2008; Scott et al., 1989; Taniguchi et al., 1996; Thouless et al., 1986; Tian et al., 1993; Westerman et al., 2006) . Our results support the hypothesis that a small number of rearranged forms of these segments, produced during a replication cycle, might lead to disturbance of the transcription/replication machinery during further replication cycles. The dysfunction of the RNA-dependent RNA polymerase VP1 results in the production of rearranged segments. Thus, viruses with rearranged segments will be selected in the viral progeny over further multiplication cycles.
The implementation of a reverse genetics system for rotavirus remains a challenge. The spontaneous rearrangements observed during this study represent a major impediment to the broad use of a reverse genetics system based on the use of rearranged segments. Other strategies should be considered instead. As transfection of the 11 segments of rotavirus did not rescue recombinant virus (Richards et al., 2013) , it might be necessary to provide viral protein in addition to viral RNA.
METHODS
Viruses and cells. Human rotavirus M4 is a previously described cell culture-adapted virus, derived from a human rotavirus isolated from the stool of a chronically infected child with severe combined immunodeficiency syndrome. Virus M4 contains an 11R segment, 614/42-614 (GenBank accession no. AF338245) (Gault et al., 2001) . The same clonal stock of bovine rotavirus strain RF was used in all experiments. Rotavirus C1.17 (GenBank accession no. KJ532803) and rotavirus C2.22 (GenBank accession no. KJ532804) are two viral clones derived from the bovine rotavirus RF. Both viruses have a 5R segment. Rearrangements of segment 5 were generated in vitro by serial MA-104 cell culture passages at high m.o.i. of virus RF. Viral clones C1.17 and C2.22 with a segment 5R were isolated by plaque purification at passage 16 and 20, respectively (C. Troupin, unpublished results). C1.17 virus contains a segment 5R with a sequence duplication starting at nt 1455 and reinitiating at nt 176 (1455/176-1455) and C2.22 contains a segment 5R with a 1526/84-1526 rearrangement.
Rotavirus propagation on confluent monolayers of MA-104 cells and plaque assays for rotavirus isolation and titration were performed as described previously (Gault et al., 2001; Troupin et al., 2010) . COS-7 cells were used for DNA transfection and rotavirus infection. Recombinant vaccinia virus rDIs-T7pol, kindly provided by K. Ishii (National Institute of Infectious Diseases, Tokyo, Japan) and expressing polymerase T7 (T7pol) (Ishii et al., 2002) , was produced in the DF1 chicken embryonic fibroblast cell line, kindly provided by N. Naffakh (Pasteur Institute, Paris, France). The resulting vaccinia virus stock was titrated on COS-7 cells by a fluorescent-focus assay. The MA-104, COS-7 and DF1 cell lines were cultured in Dulbecco's minimum essential medium (DMEM) supplemented with 10 % FCS, 2 mM glutamine, 100 U penicillin ml 21 and 1 mg streptomycin ml
21
.
Plasmid constructs. Maps of the pRiboz plasmids are shown in Figs 1 and 3. pRiboz is a pBluescript II SK-derived plasmid containing the sequence of the T7pol promoter (P T7 ) and the hepatitis delta virus (HDV) ribozyme, followed by the T7pol terminator (T T7 ).
cDNAs for the 11R segment were obtained from virus strain M4, whilst the two 5R segments came from C1.17 and C2.22 viruses. The dsRNAs were reverse transcribed as described previously (Schnepf et al., 2008) , and PCR amplifications were performed using 5 ml cDNA in a 50 ml reaction mixture containing 16 Pfx buffer, 16 Pfx enhancer, 1 mM MgSO4, 0.3 mM each dNTP, 0.3 mM each primer and 2.5 U Pfx DNA polymerase (Life Technologies) in a Veriti 96-Well Fast Thermal Cycler, under PCR conditions described previously (Troupin et al., 2010) . Amplified cDNAs were digested and ligated into pRiboz downstream of the P T7 . The generated plasmids, pRiboz11R, pRiboz5RC1.17 and pRiboz5RC2.22, contained the authentic full-length cDNAs of the 11R or 5R segment flanked by P T7 and the HDV ribozyme, followed by T T7 . A QuikChange Multi Site-directed Mutagenesis kit (Stratagene) was used according to the manufacturer's instructions to introduce nucleotide changes into the sequences of pRiboz11R, pRiboz5R-C1.17 and pRiboz5R-C2.2. The primers used for site-directed mutagenesis are given in Table 1 . Mutagenesis created sites for the restriction enzyme AatII (pRiboz11R-AatII) or HpaI (pRiboz 11R-DNSP6) in 11R and for MscI in both 5R sequences (pRiboz5R-C1.17 and pRiboz5R-C2.22). To investigate whether the size of the duplication might influence the encapsidation of the rearranged segment, the cDNA of WT segment 5 was used to create three artificial rearrangements: 1515/1-1515 (pRiboz5R-1), 1515/310-1515 (pRiboz5R-310) and 1515/900-1515 (pRiboz5R-900). Rearrangements 5R-310 and 5R-900 are close to rearrangements described in the literature (Patton et al., 2001) . The resulting plasmids were mutated to introduce the MscI restriction site, using the QuikChange Multi Site-directed Mutagenesis kit. Additionally, the first nucleotide of the ATG initiation codon was deleted to create a defective DNSP1 derivative for each of the five plasmids containing a segment 5R (pRiboz5R-C1.17-DNSP1, pRiboz5R-C2.22-DNSP1, pRiboz5R-1-DNSP1, pRiboz5R-310-DNSP1 and pRiboz-900-DNSP1). All plasmid constructs were checked by DNA sequencing as described below. An empty pRiboz plasmid and a pRiboz plasmid containing the GFP gene downstream of the P T7 (pRibozGFP) were used as controls.
Reverse genetics system. The pRiboz constructs were transfected into confluent COS-7 cell monolayers in six-well plates, using 3 ml TransIT-LT1 transfection reagent (Mirus) (mg plasmid DNA)
, according to the manufacturer's instructions. Under the same conditions, the percentage of COS-7 cells transfected with the control plasmid pGFP-C1 was repeatedly approximately 90 %. Sixteen hours after transfection, the COS-7 cells were infected by recombinant IP: 54.70.40.11
On: Wed, 02 Jan 2019 00:43:21 vaccinia virus rDIs-T7pol at an m.o.i. of 3. After a 2 h culture in DMEM supplemented with 2.5 % FCS, cells were washed three times with DMEM containing 0.25 mg porcine pancreatic trypsin type IX-S (Sigma) ml 21 and were infected by the helper virus bovine rotavirus RF at an m.o.i. of 30. After 24 h of culture, COS-7 cells were harvested, freeze-thawed three times and centrifuged at low speed to remove cell debris. To rescue recombinant RF viruses, supernatants containing the viral progeny produced in COS-7 cells were propagated in MA-104 cells. At the first passage, confluent monolayers of MA-104 cells were inoculated with the supernatant corresponding to one well of COS-7 cells. For further serial passage in MA-104 cell culture, 1/10 of the undiluted MA-104 cell lysate was used to infect MA-104 cells in 25 cm 2 flasks for 48 h, and at each passage, aliquots were kept frozen at 280 uC for further analysis. Cell lysates were serially passaged 9 and 17 times for experiments with pRiboz-5R and pRiboz-11R plasmids, respectively. Attempts to rescue recombinant RF viruses carrying an exogenous rearranged segment were performed by two plaqueto-plaque cloning steps in MA-104 cells, as described previously (Gault et al., 2001) . All reverse genetics experiments were run in duplicate by separately testing, in MA-104 cells, the viral progeny produced from two independent wells of COS-7 cells. Similar results were obtained for both duplicates. The efficiency of transfection and viral infection of COS-7 cells during the first step of the reverse genetics system was assessed at 24 h post-infection. The percentage of COS-7 cells transfected by the pRibozGFP plasmid and co-infected by vaccinia virus and RF rotavirus was evaluated by detecting direct fluorescence of GFP (as expression of the GFP was driven by the T7pol of vaccinia virus) together with a rotavirus VP6-specific mouse mAb (clone RV133; kindly provided by Jean Cohen,CNRS 3296, Gif sur Yvette, France) coupled to a Cy3-conjugated donkey anti-mouse IgG (Jackson Immunoresearch). This assay showed that approximately 25 % of COS-7 cells were transfected and co-infected by vaccinia virus and RF rotavirus.
Nucleic acid analysis and sequencing. For PAGE and RT-PCR analysis, rotavirus genomic dsRNA was extracted every three passages from cell-culture aliquots using Tri-Reagent LS (Euromedex) according to manufacturer's recommendations. RNA genomic profiles were determined by PAGE in 14 % polyacrylamide gels for 16 h at 200 V at room temperature, followed by staining with GelRed Nucleic Acid Gel Stain (Biotium). The RT-PCR assay for specific detection of segments 5R and 11R in the viral progeny was performed with a Veriti 96-Well Fast Thermal Cycler as described previously (Schnepf et al., 2008; Troupin et al., 2010 Troupin et al., , 2011 . Primers used for RT-PCR detection of segments 5R and 11R are given in Table 1 . The RT-PCR assay had a sensitivity threshold ratio of one segment 5R or 11R to 10 4 WT segments 5 or 11. PCR products, undigested or digested with AatII, HpaI or MscI as appropriate, were separated in 1.5 % agarose gels stained with GelRed Nucleic Acid Gel Stain. DNA sequencing of plasmid constructs, cDNAs and RT-PCR products was performed according to the dideoxynucleotide chaintermination method, using an ABI Prism Big Dye Terminator Cycle Sequencing Ready Reaction kit and an ABI Prism 3130 XL Automatic Sequencer (Life Technologies) according to the manufacturer's instructions. Figures were assembled using Adobe Photoshop (version 8.0.1 for Mac OS X.10). For clarity, positive white-on-black pictures of GelRed-stained gels were converted to negative ones, with the invert function applied to the whole picture.
